10
activity-friendly neighbourhoods ranged from 48 to 89 weekly minutes, which represent 33% to 60% of the 150 minutes per week health guideline.
Conclusion: Design of urban environments has the potential to contribute substantially to physical activity. Similarity of findings across cities suggests the promise of engaging urban planning, transportation, and parks sectors in efforts to reduce the health burden of the global physical inactivity pandemic.
Funding: Funding for coordination of IPEN Adult was provided by the National Cancer Institute of NIH (CA127296), with studies in each country funded by different sources. 11 Physical inactivity is a global pandemic, responsible for over 5 million deaths per year 1 and is one of the United Nations' primary targets to reduce non-communicable diseases. 2, 3 Improving urban environments to facilitate physical activity for transportation and recreation is a recommended strategy. 4, 5 People who live in walkable neighbourhoods that are densely populated, have interconnected streets, and are close to shops, services, restaurants, public transit, and parks tend to be more physically active than residents of less-walkable areas. 6,7 Studies of built environments and physical activity have been criticized for being conducted in a few countries, not capturing the full range of variability in urban form, and relying on self-report environmental measures. 6, 8, 9 International studies are needed to represent the full range of environmental variability. If findings are generally applicable across countries, then built environment interventions are likely to be viewed as relevant to non-communicable disease policies internationally.
The purpose of this 14-city/ten-country study was to document the strength, shape, and generalizability of associations of neighbourhood environment attributes with total moderate-to-vigorous physical activity. Objective measures of built environments and physical activity enhance precision and credibility of the findings.
Methods

Study design and neighbourhood selection
The International Physical Activity and Environment Network (IPEN) Adult Study is a multi-country cross-sectional epidemiologic study using a common design and comparable methods, described in detail elsewhere. 10 The study included participants from 17 cities in 12 countries: Australia (Adelaide, AUS), Belgium (Ghent, BEL), Brazil (Curitiba, BR), Colombia (Bogota, COL), Czech Republic (Olomouc and Hradec Kralove, CZ), Denmark (Aarhus, DEN), Hong Kong/China (HK), Mexico (Cuernavaca, MEX), New Zealand (North Shore, Waitakere, Wellington, and Christchurch, NZ), Spain (Pamplona, SP), the United Kingdom (Stoke-on-Trent, UK), and the United States of America (Seattle/King County, Washington and Baltimore, Maryland regions, US). The IPEN Adult study was designed to maximize variance in neighbourhood walkability and socioeconomic status (SES) 11 by identifying similar numbers of neighbourhoods stratified as follows: higher walkable/higher SES, higher walkable/lower SES, lower walkable/higher SES, and lower walkable/lower SES. Neighbourhood walkability index scores were created for small geographic areas in each city ("administrative units" equivalent to US Census block groups) using Geographic Information Systems (GIS), 11 with some differences by country. 10 Net residential density, intersection density, and land use mix variables were standardized, and the mean of the three z-scores was computed as the index. 11 The SES indicator was usually area-level income, but sometimes was education or a government-created composite. 10 Neighbourhoods that met criteria for the four types were selected, and participants were recruited from those neighbourhoods. 13 Households in selected neighbourhoods were identified using databases from commercial and government sources, with various methods used to obtain relatively representative samples in each neighbourhood, including recruitment by mail/telephone and personal visits. 10 In each selected household an adult was invited to complete a survey and wear an accelerometer to objectively measure physical activity. Study dates ranged from 2002 to 2011 across countries, with each country typically conducting recruitment over one full year. Each country obtained ethical approval from their local institutional review boards, and all participants provided informed consent.
Participant recruitment
Participants
The IPEN Adult study consisted of 14,222 adults aged 18-66 years. The current paper included 14 of the 17 cities (10,008 participants) from 10 countries where objective measures were available. Three cities were excluded because no accelerometer data were collected (Adelaide, Australia) or no GIS data were available (Pamplona, Spain; Hradec Kralove, Czech Republic). About half of Hong Kong participants had no GIS data. About one-quarter of participants did not wear an accelerometer, either because they did not consent or the investigators could not afford to collect accelerometer data on all participants (n=2,739). For cities able to collect accelerometer data on all participants, 87-100% provided complete data. Characteristics of the 6,822 participants with 4+ days of valid accelerometer data by study city are presented in Table 1 . The percent of participants in each of the study quadrants was 26% in higher walkable/higher SES, 25% in higher walkable/lower SES, 27% in lower walkable/higher SES, and 22% in lower walkable/lower SES areas. 14 
_______________________________
INSERT Zealand that used Actical devices (Philips Respironics), all countries used varying models of ActiGraph monitors (Pensacola, FL).
Only vertical axis data were included in the scoring, expressed as counts per minute (cpm). For Actical data, new moderate (730-3399 cpm) and vigorous (≥3400 cpm) intensity cut points were developed to enable comparison with the ActiGraph estimates. 15 Sixtysecond epochs were used in data collection, and non-wear time was defined as >60 consecutive minutes with zero cpm. Valid days had >10 hours of wear time. Participants with >4 valid days were included in analyses. These methods are consistent with recommendations and common practices. 12,16 Data were scored with MeterPlus 4·3 software (www.meterplussoftware.com), using Freedson's 17 cutpoint of 1952 cpm for moderate intensity to derive the outcome variable, mean minutes of moderate-to-vigorous intensity physical activity (MVPA) per valid day.
Independent Variables: Built Environment
reachable by the street network, were created to estimate accessible neighbourhood features. Templates were developed to guide international teams on constructing comparable GIS variables. 18 The templates were also used to document protocol adherence, which allowed for comparability evaluations. A description of GIS methods and variables, examples of data sources for each country, comparability evaluations, and descriptive results of variation in GIS-based environmental variables within and across cities has been published. 18 The following variables were adequately comparable across cities and were used in analyses: net residential density, street intersection density, retail and civic land use ratio (access to common destinations), public transit density, public park density, and distance to nearest transit. Table 2 provides definitions of variables and key terms. 
Data Analysis
Associations of environmental variables with physical activity (min/day) were estimated using generalized additive mixed models (GAMMs) with Gamma variance and logarithmic link functions, appropriate for the sampling strategy and distributional properties of the outcome variable. 19, 20 These models also allow the simultaneous estimation of the amount of variability in participants' individual MVPA attributable to city-, administrative unit-and individual-level factors. Covariate-adjusted single-environmental-variable (SEV) and multiple-environmental-variable (MEV) GAMMs were estimated. The latter included only statistically significant (p<0·05) buffer-specific environmental correlates for each buffer size. Environmental variables were entered simultaneously in the MEV GAMMs as collinearity was not problematic. Curvilinearity of relations was assessed using thin-plate spline smooth terms. 20 
Separate
GAMMs were run to estimate environmental features by study city interaction effects to assess heterogeneity in associations across cities. Significance of interactions was evaluated by comparing Akaike Information Criterion (AIC) values of models with and without an interaction term (≥10 difference indicated significance). 21 To quantify effect sizes of significant environmental correlates of MVPA, covariate-adjusted differences in weekly minutes of MVPA were estimated between participants living in areas (buffers) with the bottom 5% and top 5% of values of environmental correlates, and between participants living in areas with values of environmental correlates corresponding to the lowest and highest average city-level values. We also expressed these differences in activity in percentages of amount needed to meet the physical activity guidelines (i.e., percentages of 150 min/week of MVPA). 22 To examine built environment contributions to city-, administrative-unit-(within-city), and person-level differences in physical activity, three-level GAMMs with random intercepts at the city and administrative unit levels adjusted and unadjusted for environmental features were estimated, and the percentage reduction in residual variances were computed. As only 2·2% of the cases had missing data, analyses were performed on complete cases. All analyses were conducted in R.
Results
On average, participants accumulated ~37 min/day of MVPA. Baltimore (USA) had the lowest (29 . 2 min) and Wellington (NZ) the highest average values of MVPA (50 . 1 min) ( Table 1 ).The standard deviations of MVPA at the city, administrative-unit, and person levels were 6·3, 4·6, and 24·4 min/day, respectively. Higher variability at the person level was expected. Four of six environmental variables were significantly associated with MVPA in the single-environment-variable (SEV) models (Table 4 ). These four variables explained 0% to 11% and 7% to 11% of MVPA variability at the city and/or administrative-unit levels, respectively, but virtually no variance at the person (within-administrative-unit) level. Net residential density, intersection density, public transit density, and number of parks within participants' buffers were linearly and positively related with MVPA. Both buffer sizes were tested, and with the exception of number of parks, stronger relations were observed for variables calculated for 1-km rather than 0·5-km buffers. Table   4 reports relations for variables calculated for the most significant buffers (1-km or 0.5-km).
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After adjusting for other environmental variables in the multiple-environmental variable (MEV) models, net residential density and public transit density remained significant, positive, and linear correlates of MVPA for both buffer sizes. In addition, number of parks significantly contributed to explaining MVPA in the model based on 0·5-km buffers ( Table 4 ). The multiple-environmental variable models explained 11%-12% of the total MVPA variance._
______________________________ INSERT TABLE 4 ABOUT HERE
_______________________________
Based on lack of significant environment by city interactions, we can conclude associations were generalizable across study cities, with the exception of number of parks in 0·5-km buffers. Specifically, positive associations between parks within 0·5-km buffers and physical activity in the single-variable model were found only in Ghent, Belgium (e b = 1·772; 95% CI: 1·177, 2·669; p=·006) and Seattle, USA (e b = 2·064; 95% CI: 1·399, 3·045; p<·001). After adjusting for other environmental variables, the park counts by city interaction was no longer significant, and a significant positive association of park counts with MVPA was observed across all cities (Table 4 ). Thus, there was evidence of similar relations of urban environment variables and physical activity across diverse cities.
Analyses examining the shape of associations found no sufficient evidence for curvilinearity of effects. Therefore it can be concluded that environment associations with physical activity are linear. Table 5 reports the estimated differences in min/week of MVPA between participants living in areas at the bottom 5% and top 5% of the sample values for specific significant environmental correlates, and in areas with values of environmental correlates equal to those of the cities with the lowest and highest average values. The differences in MVPA between residents living in areas at the bottom 5% and top 5% for specific single environmental features ranged from 21 to 32 min/week (5th column of Table 5 ). The differences in MVPA between participants living in areas with values of single environmental correlates equal to those of study cities with the lowest and highest average values ranged from 24 to 89 min/week. This corresponded to meeting between 16% and 59% of the recommended 150 min/week of physical activity (last column of Table 5 This multi-country study identified urban environment attributes that accounted for large differences in adults' physical activity.
Combinations of environmental features generally explained more variation in physical activity than single variables, suggesting a relatively comprehensive approach is needed to design activity-supportive neighbourhoods. When comparing participants living in the lowest 5% to the highest 5% of activity-supportive neighbourhoods, single environmental variables accounted for differences of 21-32 weekly minutes of moderate-to-vigorous physical activity, compared to ~49 weekly minutes in models including all significant environmental variables. When comparing participants living in areas similar to the cities with the most versus the least activitysupportive environments, single variables accounted for a difference of 24-89 weekly minutes of physical activity, compared to 68-89 minutes for combined variable models. Living in the most activity-friendly environments could help the average resident achieve 32% to 59% of the 150 minute/week physical activity guidelines. These observed effect sizes suggest that designing urban environments to be activity-supportive could have large effects on physical activity, and those effects can be expected to generally apply to adults living in the neighbourhoods as long as they live there. Such widespread and long-term effects are in contrast to programs that target individuals and tend to reach small numbers of people and produce short-term effects. 23 Three environmental attributes had significant independent associations with total moderate-to-vigorous physical activity: net residential density, public transit density, and park density. Net residential density's strong associations were consistent with many other studies. 24 High residential density is generally considered necessary for other components of walkability, because it takes local patronage to support nearby shops and services and enough riders to support frequent transit service. 25 Density of public transit stops 21 was independently related to total activity. It is notable that transit density was a significant correlate of MVPA, but distance to nearest transit stop was not significant. One interpretation is that having multiple options for transit lines makes it more likely that residents could walk to a transit facility that meets their needs. Transit access has been studied less often in relation to physical activity. 6, 24 Good transit access is a requirement for living a less car-dependent lifestyle. 26 Particularly in the middle-income cities in the sample, car ownership was low, and in these settings active transport could represent necessity and not choice. Thus, it will be useful to examine the role of public transit access among car owners and non-owners. The third significant variable in the final model was number of parks in the 0·5-km buffer. Park density is a relatively consistent correlate of adult physical activity. 6, 24 Though parks are usually seen as supporting recreational activities through facilities and aesthetics, nearby parks can also be a destination for active transportation. Thus, the most well-supported environmental variables were likely related to total physical activity through their effects on both recreational and transportation activities.
All observed associations were linear, so neither a threshold nor a point of diminishing returns was seen for environmental attributes.
Present findings, with likely the widest range of environmental variables yet reported, support a recommendation that higher levels of residential density, transit access, and local parks should be recommended when designing physical activity-supportive environments.
The measure of mixed land use was not related to physical activity in the present study though it is one of the more consistent correlates of physical activity. 6,24 Proximal (e.g., within 1-km buffers) retail shops and services provide commonly-used destinations 22 that stimulate frequent walking. Because of the large variation in the retail/civic land use ratio within and between countries, the nonsignificant results were surprising. One possible explanation is the limitations of the GIS-based measure. Because most countries only had data on the land area devoted to each use, as opposed to building floor area, it was impossible to tell whether each use was operating on part of the parcel or on several floors of a building covering the entire parcel. A related limitation was that the data were based on number of parcels, not number of shops or offices, which might be more strongly related to frequency of use and thus to physical activity. In middle-income cities with high prevalence of walking for transport, many shops were not registered, including those in permanent buildings as well as informal markets and street vendors. These data limitations could have reduced power to detect an association.
Intersection density is an indicator of street connectivity which provides direct pathways for pedestrians and vehicles. This variable was significant in single-variable models, but not the full models, suggesting a confounding effect with other variables, such as residential density or public transit density. 25 An important finding was the strong support for the similarity or generalizability of built environment--physical activity associations across countries diverse in income, culture, and activity-supportiveness. The diversity of the study cities in climate, demographics 10 and built environments 18 was documented in prior publications. Present results suggest systematic principles of environments that 23 support physical activity apply on a global scale. Generalizable associations with physical activity were also found in analyses of selfreported environment measures in the same study. 19 Study strengths included the use of objective measures of both urban environments and physical activity, comparable variables across diverse countries, examination of two buffer sizes, and analyses that tested for curvilinear effects and generalizability of associations across cities. Limitations included small number of environmental variables that could be assessed through common environmental measures, likely variations in the quality of those measures across countries, lack of representation of low-income countries, modest sample size in some cities that reduced power to detect environment by city interactions, and cross-sectional design. Another limitation is covariates may have different meanings and functions across countries. Other patterns of association may be found with other age groups, and built environment correlates are expected to differ by physical activity outcome. Lack of adjustment for selfselection into neighbourhoods is a common criticism of built environment studies, 27 but not all countries in the present study included measures that assessed reasons for neighbourhood selection. Design of urban environments has the potential to contribute nearly 90 minutes per week of physical activity, which is 60% of the 150 minutes per week physical activity guideline. These potentially large effects of built environments were found to apply similarly across ten diverse countries, indicating urban design should be a globally-relevant public health priority. Building, retrofitting, and maintaining physical activity-supportive features in cities around the world to increase residential density, provide good transit service, and ensure access to parks would be expected to substantially increase physical activity in the population on a permanent basis and contribute to meeting United Nations' goals for reducing non-communicable diseases. 2, 3 Study findings provide an impetus for public health proponents to collaborate with other sectors, including environmental sustainability groups, to promote physical activity-supportive development as a means to reduce energy consumption, greenhouse gas emissions and air pollution, 11, 28 while achieving health and economic benefits. 29
Conclusions and Recommendations
Panel: Research in Context
Systematic Review
A paper in the 2012 Lancet Series on Physical Activity included a review of reviews of the literature on built environments and physical activity. 6 The review identified the most consistently-supported environmental correlates, two other papers critiqued reviews 24, 8 and this information provided a context for interpreting present results. The Bauman et al. 6 Lancet Series review also commented that most of the studies to date had been conducted in high-income countries and encouraged more international studies that included low-and middle-income countries.
Interpretation
This high-and middle-income ten-country study provides novel evidence for the role of built environments in promoting physical activity globally. Credibility of the findings is enhanced by using objective measures for both exposure and outcome variables. The global relevance of urban environment attributesparticularly residential density, public transit access and park availabilityfor physical activity is supported by evidence of similar relationships across diverse countries. A parcel is a division of immovable land created for taxation purposes and defined by its ownership, size, shape (boundaries), and functional land use.
Participant buffers
An irregular shaped polygon around a participant's home address (geocoded). Buffer polygons were created for two distances (e.g. 0 . 5-km and 1-km) in ESRI's ArcGIS software (Redlands, CA) by tracing through their unique street network in all directions to approximate accessible areas. The "detailed no trim" setting was used. The total area of the buffer was used as the denominator for density variables (except for residential land density). These buffer sizes are used to define attributes within walking distances of participants' homes. Net residential density (NRD) Number of residential dwellings (i.e., houses, apartments) divided by the residential land area (derived from residential parcels only) within participants' buffers.
Intersection density
Number of pedestrian-accessible street intersections divided by the area within participants' buffers.
Intersections on limited access roads (e.g., limited-access highways and onramps) were excluded.
Retail and civic land use ratio Ratio of retail (including food and entertainment) and civic (public buildings) parcel land areas to participants' buffer areas. These land uses are common destinations participants could reach by walking. A value of zero indicates the absence of retail/civic destinations within participants' buffers, which is typical in predominantly residential neighbourhoods, and a value of 1·0 indicates retail and civic land uses dominate participants' buffers.
Public transit density
Number of bus, rail, or ferry stops and stations divided by the land area within participants' buffers. The complexity was reflected by a variety of modes (i.e., bus, rail and ferry) and mode types (e.g., regular bus vs. bus rapid transit, light vs. heavy rail) present within and across cities.
Distance to nearest transit Distance in meters via the street-network from participant homes to the nearest stop or station.
Public park density Number of public parks of any size contained in or intersected by the buffer, divided by the land area within participants' buffers. A public park was defined as a government-designated park of any size that was free and (3509) 
Intersection density (per km 2 ) -1 km buffer
Number of parks contained or intersected by buffer -1 km buffer
Mean (SD) 5·5 (6·5) 3·8 (3·6) 6·0 (4·6) 25·4 13·3 3·7 (4·4) 4·4 (3·4) 13·5 (10·0) 1·5 (2·1) 12·3 (6·5) 8·7 (3·9) 4·6 (2·5) 5·6 (2·5) 2·8 (1·5) 3·8 (2·9) 2·4 (2·1) Median (IQR) 4·0 (6·0) 3·0 (5·0) 5·0 (6·0) 24·0 (20·0) 2·0 (4·0) 4·0 (4·0) 11·0 (14·0) 1·0 (1·0) 11·0 (8·0) 8·0 (5·0) 4·0 (4·0) 6·0 (4·0) 2·0 (2·0) 3·0 (5·0) 2·0 (2·0)
Number of parks contained or intersected by buffer -0 . 5 km buffer
Notes: City A: North Shore, B: Waitakere, C: Wellington, D: Christchurch, E: Seattle, F: Baltimore; SD = standard deviation; IQR = interquartile range; * values truncated to 3·1 (1 value truncated for 1km buffer measure and 22 for 0·5km buffer measure). Notes. *Estimates adjusted for net residential density, intersection density and transit density. SEV = single-environmental-variable; MEV = multipleenvironmental-variable (only significant environmental correlates included); exp(b) = antilogarithm of regression coefficient; exp(95% CI) = antilogarithm of confidence intervals; -= not applicable. All regression coefficients are adjusted for respondents' age, sex, marital status, educational attainment, employment status, administrative-unit socio-economic status, accelerometer wear time, and study city. exp(b) is to be interpreted as the proportional increase in physical activity associated with a 1 unit of measurement increase in the predictor (e.g., 1000 dwellings / km 2 is a 1 unit of measurement for net residential density, and 10 transit points / km 2 is for 1 unit of measurement for transit density). Only the most significant buffer size is reported. Notes. * The residual variability in MVPA at a specific level is expressed in standard deviations (after adjusting for socio-demographics and accelerometer-wear time). 95% CI = 95% confidence intervals; bf = buffer; SEV = single-environmental-variable; MEV = multiple-environmental-variable (only significant environmental correlates included); PAG = physical activity guidelines (total recommended amount of 150 min/week of MVPA). Only the most significant buffer size is reported
